Background: A challenge in the empiric treatment of complicated urinary tract infection (cUTI) is identifying the initial appropriate antibiotic therapy (IAAT), which is associated with reduced length of stay and mortality compared with initial inappropriate antibiotic therapy (IIAT). We evaluated the cost-effectiveness of ceftolozane/tazobactam compared with piperacillin/tazobactam (one of the standard of care antibiotics), for the treatment of hospitalized patients with cUTI. Methods: A decision-analytic Monte Carlo simulation model was developed to compare the costs and effectiveness of empiric treatment with either ceftolozane/tazobactam or piperacillin/tazobactam in hospitalized adult patients with cUTI infected with Gram-negative pathogens in the US. The model applies the baseline prevalence of resistance as reported by national in-vitro surveillance data.
Background
Gram-negative pathogens are a major cause of hospitaltreated infections, accounting for 38% of all healthcare associated infections in the US [1] [2] [3] . Complicated urinary tract infections (cUTI), which are defined as UTIs associated with factors that compromise the urinary tract or host defense, are commonly caused by Gramnegative pathogens [4] . In the US, the prevalence of cUTI has been estimated at 24.2 per 1000 hospital discharges. Accounting for 70-80% of cUTIs [5] , catheterassociated cUTIs make up a large group of cUTIs predominantly caused by Gram-negative pathogens [3, [6] [7] [8] , including resistant pathogens, and reflect 28% of device-associated and procedure-associated infections [2, 9] .
cUTI is often treated empirically as organism identification and susceptibility is not available at diagnosis. Patients with resistant pathogens are more likely to receive initially inappropriate antibiotic therapy (IIAT), defined as microbiological documentation of an infecting pathogen that was not effectively treated at the time of identification, instead of initially appropriate antibiotic therapy (IAAT) [10, 11] . Antibiotic resistance is associated with significant adverse impact on clinical outcomes, and increased consumption of health-care resources, leading to higher costs [12] . In a retrospective, matched-cohort analysis of patients admitted to the hospital with UTI in the US, patients with infections caused by extendedspectrum β-lactamase (ESBL) producing bacteria experienced IIAT 61.8% of the time as compared to 5.5% for patients with ESBL negative infections. Further, patients experienced two additional days in the hospital and an all-cause mortality rate of 9.1% with ESBL positive infections compared to 1.8% in ESBL negative infections. The increased length of stay and increased mortality in patients receiving IIAT vs. IAAT is also seen in other bacterial infections where antibiotics are administered for initial empiric therapy [13] .
The goal of empiric therapy, therefore, is to increase the chances of IAAT. Thus, the antibacterial spectrum of the empiric antibiotic agent should cover the most relevant pathogens. Clinicians making decisions about empiric therapy for patients with cUTI not only consider the pathogens most likely colonizing the site of infection and knowledge of any prior bacteria known to colonize a given patient, but also local resistance patterns or antibiograms [14] . Local invitro antibiotic susceptibility data available through institutional antibiograms are more likely to reflect the current local resistance patterns compared with efficacy data from clinical trials alone as clinical trials are conducted internationally in geographically diverse populations. The application of local surveillance data for up-to-date clinical practice guidelines has been shown to be essential in patient care of cUTI given the evolving bacterial susceptibility [15] .
Given the clinical and economic burden associated with IIAT, it is necessary to consider not only the clinical benefits but also the economic benefits that an empiric therapy could provide as a result of better coverage and improved susceptibility. There is a growing need to evaluate new and effective therapies that can offer a higher probability of appropriate empiric coverage compared to current antibacterial drugs.
In this study, we assess the cost-effectiveness of ceftolozane/tazobactam compared with piperacillin/ tazobactam as empiric therapy in the treatment of hospitalized US patients aged 18 years or older with cUTI. Piperacillin/tazobactam is commonly used for empiric therapy of cUTI when resistance is suspected, as recommended in treatment guidelines [16, 17] . Ceftolazone/tazobactam is a novel cephalosporin/β-lactamase inhibitor combination available for treatment of adult cUTI patients. Ceftolazone/tazobactam has demonstrated broad activity against Gram-negative pathogens, including ESBL-producing Enterobacteriaceae and multi-drug resistant Pseudomonas aeruginosa [18] .
Methods

Model structure
A patient-level decision analytic Monte Carlo microsimulation model was developed to estimate the qualityadjusted life expectancy and costs of persons diagnosed with cUTI in order to conduct a cost-utility analysis of ceftolozane/tazobactam compared with piperacillin/ tazobactam in the target patient population. The model tracks index patients through different phases of cUTI from diagnosis until death. A graphical representation of the model structure with all treatment pathways is provided in Fig. 1 . The model incorporates treatment switching algorithms that depend upon patient level data regarding the underlying pathogen and its susceptibility to various antibiotics. As a result, an individual patient simulation that captures patient level information and history is a more appropriate model as opposed to a Markov model with transition probabilities that do not depend on history.
Hospitalized patients enter the model at the time of cUTI diagnosis, which is assumed to be concurrent with collecting the urine culture and initiation of empiric antimicrobial therapy. Each patient in the model receives empiric antibiotic treatment with either ceftolozane/ tazobactam or piperacillin/tazobactam. Patients continue empiric treatment until culture results are available (assumed to occur after 3 days). Culture results include organism identification and susceptibility for ceftolozane/ tazobactam, piperacillin/tazobactam, and other drugs that patients could be given, consistent with standard treatments. Once culture results are known, patients are switched to the least expensive therapy to which the causative pathogen is susceptible. Patients may be maintained on the same drug (initial drug is appropriate and cheapest), de-escalated to a cheaper drug (initial drug is appropriate, but another drug that is cheaper and to which the pathogen is susceptible is available), or escalated (initial therapy is inappropriate, another drug to which the pathogen is susceptible is available, with patient escalated to the cheapest drug to which the pathogen is susceptible). If the pathogen is not susceptible to any of the drugs for which culture results were obtained, patients are switched to salvage therapy, assumed in this analysis as the combination of meropenem and colistin. Patients with Gram-positive infections exit the model after 3 days of initial therapy (Fig. 1) . As the underlying pathogen is unknown at diagnosis, patients suspected of a Gram-negative infection but infected with a Grampositive pathogen may be inadvertently prescribed drugs for the treatment of a Gram-negative infection. While empiric therapy with these drugs adds to the cost, it does not have any impact on the resolution of symptoms. As both ceftolozane/tazobactam and piperacillin/tazobactam are not indicated for Gram-positive pathogens, we assume that disease progression, after determination of culture results, and therefore the subsequent costs and outcomes, are similar across both arms. Drug acquisition costs until culture results become available are included; however, we did not include any other costs as they are likely to be same for both arms.
The patient-level simulation begins with the random selection of an isolate from the Program to Assess Ceftolozane/Tazobactam Susceptibility (PACTS) surveillance dataset [19] , such that each isolate represents a single patient. Isolates were sampled so that the resulting pathogen distribution reflects that of cUTI, as determined by an analysis of Premier hospital discharge data. Details regarding PACTS and Premier data are provided in Additional File 1.
Each patient enters the decision tree, and relevant costs are accumulated as they progress through one of the treatment pathways. This process is repeated for a large number of patients, and corresponding results are used to produce point estimates and confidence intervals for total costs per comparator. The analysis was performed on a cohort of 1000 patients, with the patients for each comparator arm being identical. The appropriateness of initial antibiotic therapy influences each patient's length of hospital stay. Once the patient finishes the entire duration of antibiotic therapy, mortality rate is dependent on whether the patient received IAAT or IIAT. For patients who survive, we assume that they experience an average length of life based on their life expectancy and incur health care expenditure comparable to the average of a person their age [20] .
Interventions
The empiric treatment comparators considered in the model are ceftolozane/tazobactam and piperacillin/ tazobactam. The following drugs were considered for switching (escalation/de-escalation) upon pathogen confirmation: aztreonam, cefepime, ceftazidime, ceftriaxone, ciprofloxacin, doripenem, imipenem, levofloxacin, meropenem and tigecycline.
Time horizon, discounting and payer perspective
A lifetime horizon is applied to capture the utility and costs of healthy survivors. Costs and outcomes are discounted at 3% [21] . A US healthcare perspective is taken to evaluate costs.
Clinical inputs
Susceptibility data from the PACTS dataset were used to evaluate the appropriateness of the treatments in the model (Additional file 1). Five-percent of patients were Gram positive based on the Phase-III trial results [22] . The other key clinical inputs are summarized in Table 1 .
Mortality rates and length of stay were based on MacVane et al. (2014) [23] . Duration of empiric therapy was assumed to be 3 days. US life-tables were used for the prediction of life expectancy (according to gender) [24] .
Economic inputs
Hospitalization costs per day were derived from the 2013 Healthcare Cost and Utilization Project (HCUP), based on primary diagnoses of urinary tract infection (ICD-9 code 590.10, 590.11, 590.2, 590.3, 590.80, 590.81, 590.9, 597, and 599) and catheter/device-associated infections (ICD-9 codes 996.64 and 996.65) [25] . The average cost per hospital day for cUTI patients, inflated to 2015 using the Gross Domestic Product (GDP) price index, was $1746.27.
Daily drug costs were based on wholesale average cost at labeled doses [26] . Salvage therapy costs were based on combination therapy with meropenem and colistin.
For healthy survivors, lifetime health care expenditure was calculated using average annual age-adjusted values [20] inflated to 2015 values using the Gross Domestic Product (GDP) price index (Table 1) [27] .
A utility value of 0.85 (assumption) was applied to cured patients for the remainder of their lives (Table 1) [28] .
Analysis
The model compared ceftolozane/tazobactam with piperacillin/tazobactam from the perspective of the US hospital payer. The population was restricted to the US PACTS dataset for all available isolates from years 2011 to 2013. The susceptibility evaluation used Clinical and Laboratory Standards Institute (CLSI) breakpoints. A susceptibility breakpoint of 2 mg/L for all pathogens was assumed for ceftolozane/tazobactam, except for Pseudomonas spp. where a susceptibility breakpoint of 4 mg/L was used [29] .
To compare the two treatment strategies, the following outcomes were estimated from the model: proportions of patients appropriately and inappropriately treated (sensitive/resistant to empiric therapy), cost per QALY saved, drug costs, hospitalization costs, proportion of cases by pathogen, total costs (undiscounted), and total QALYs (undiscounted and discounted). Differences in these outcomes of interest were estimated, along with the incremental cost-effectiveness ratio (ICER) calculated as total incremental cost per incremental QALY gained.
In order to evaluate uncertainty, one-way sensitivity analyses (OWSA) and probabilistic sensitivity analysis (PSA) were performed.
The model assessed the sensitivity of the model results to all the input data for which uncertainty has been defined one parameter at a time by means of OWSA. Beta distributions for utilities, gamma distributions for resource use and costs, reported statistical measures of uncertainty, where available, and otherwise within a range of ±10%. The ten parameters with the greatest impact were summarized in a tornado diagram.
For the PSA, new model input parameter values were repeatedly sampled from the defined distributions and the corresponding model output was calculated. The output values of 10,000 parameter samples were calculated to reflect the uncertainty in model output given the uncertainty of the input parameters.
For each treatment strategy, the probability of costeffectiveness was expressed with cost-effectiveness acceptability curves, calculated as the number of iterations out of the total number of iterations for which the net monetary benefit (NMB) was greatest for a given treatment strategy out of all strategies. The NMB was calculated as the QALYs multiplied by a willingness to pay (WTP) ratio minus the costs, where a WTP of $100,000 was the amount decision makers were assumed to be willing to pay per additional QALY gained [30] .
Scenario analyses
Appropriate use of carbapenems is important as they are often used as the last line of defence against increasingly difficult-to treat Gram-negative pathogens. In the base case, the de-escalation algorithm ensures that patients continue treatment on the least expensive antibiotic to which an isolate is susceptible following the empiric therapy period.
However, an alternative algorithm, the carbapenem-sparing option, was designed to evaluate the impact of the deescalation algorithm on the cost-effectiveness results. In this scenario, a carbapenem therapy (doripenem, imipenem or meropenem) is selected only if there is no other treatment alternative to which the pathogen is susceptible. Even if a carbapenem was the cheapest agent available to which the pathogen was susceptible, it would not be used if another non-carbapenem (e.g., a cephalosporin) was available.
Two additional scenarios were designed to evaluate the impact of risk factors associated with infection due to resistant pathogens, as identified in the literature [31, 32] . Information regarding the risk factors for infection due to resistant pathogens in cUTI was available for patients in the PACTS dataset, including (a) nosocomial infection, (b) age ≥ 65 years, and (c) admission to the intensive care unit (ICU). Scenario analyses were performed firstly using only nosocomial isolates and secondly using only nosocomial [20] 25 to 34 years $790 Basu [20] 35 to 44 years $947 Basu [20] 45 to 54 years $1422 Basu [20] 55 to 64 years $2106 Basu [20] 65 to 74 years $2758 Basu [20] 75 years and above $3100 Basu [20] LOS Length of stay, IAAT Initial appropriate antibiotic therapy, IIAT Initial inappropriate antibiotic therapy a Salvage therapy consists of meropenem + colistin for cost purposes isolates for high risk patients aged ≥65 years, requiring an ICU stay or experiencing a catheter-associated infection. Lastly, an additional scenario was also performed where lifetime health care expenditure for healthy survivors was excluded.
Results
Base case results
The average age of the cohort was 75.1 years. Distribution of the major Gram-negative pathogens was as follows: 58% Escherichia coli, 18% Klebsiella pneumoniae, 10% Psuedomonas aeruginosa, and 8% Proteus mirabilis.
The key results from the model are summarized in Table  2 . In the base case, ceftolozane/tazobactam resulted in higher total costs than piperacillin/tazobactam ($36,413/ patient vs. $36,028/patient, respectively), a greater number of discounted QALYs (9.19/patient vs. 9.13/patient, respectively) and 249 hospitalization days saved.
In patients receiving ceftolozane/tazobactam, 7.8% of pathogens were resistant compared with 20.2% of pathogens in those receiving piperacillin/tazobactam Table 3 . There were 22.2 deaths (2.2%) in patients treated with ceftolozane/tazobactam compared with 28.9 (2.9%) in those treated with piperacillin/tazobactam. Amongst those who died, a larger proportion was resistant to initial therapy with piperacillin/tazobactam compared with ceftolozane/tazobactam.
When examining results for QALYs in more detail, ceftolozane/tazobactam generated a total of 0.06 discounted additional QALYs per patient compared with piperacillin/ tazobactam. The average QALYs gained by patients treated with ceftolozane/tazobactam and piperacillin/tazobactam was 9.19 versus 9.13 (discounted), respectively.
Per patient lifetime health care expenditure and per patient drug costs were higher for ceftolozane/tazobactam compared with piperacillin/tazobactam ($28,651 vs. $28,444 and $766 vs. $155, respectively) Table 4 . These were partly offset by hospital costs, with a lower average hospital cost per patient for patients treated with ceftolozane/tazobactam compared with those treated with piperacillin/tazobactam ($6996 vs. $7429, respectively). The resultant total cost per patient was higher for ceftolozane/tazobactam compared with piperacillin/ tazobactam ($36,413 vs. $36,028, respectively).
For ceftolozane/tazobactam, 99.8% of patients who received IAAT were de-escalated after 3 days (following culture results), which was higher compared with piperacillin/ tazobactam at 97.0%. In patients who received IIAT, an equal percentage of patients for each comparator (1.6%) required salvage therapy with meropenem + colistin.
Sensitivity analyses
The results of the one-way sensitivity analysis are presented in a tornado graph (Fig. 2) . Varying the average cost per hospital day resulted in the largest impact on the resultant ICER. Other input parameters influencing the model results included: the health utility value applied to survivors, susceptibilities, mortality rate associated with IIAT and IAAT, and the additional length of stay associated with IIAT.
The PSA shows that in all instances, ceftolozane/tazobactam is more effective and more costly than piperacillin/tazobactam (Fig. 3) ; however, ceftolozane/tazobactam has a 100% probability of being cost-effective at a willingness-topay threshold of $100,000/QALY gained. Table 5 provides the results of the scenario analyses. In all scenarios, ceftolozane/tazobactam resulted in higher total costs and a greater number of discounted QALYs than piperacillin/tazobactam. The carbapenem-sparing scenario and the scenario using only nosocomial isolates in high risk patients (aged ≥65 years, ICU stay, or catheterassociated infection) both resulted in ICERs that were very similar to the base case ($6020/QALY and $6037/QALY, respectively). Whilst the ICERs for the scenario using only nosocomial isolates (25% of the patients from the US PACTS dataset) and the scenario where lifetime health care expenditure was excluded were lower than in the base case ($3825/QALY and $2842/QALY, respectively).
Scenario analyses
Discussion
The objective of this analysis was to evaluate the use of ceftolozane/tazobactam compared with piperacillin/ tazobactam in the empiric treatment of adult US patients with cUTI at risk of infection due to a resistant Gram-negative pathogen. Model results suggest that the use of ceftolozane/tazobactam as empiric treatment is cost-effective compared with piperacillin/tazobactam. Ceftolozane/tazobactam was associated with a higher proportion of patients with IAAT, resulting in reduced hospitalizations and increased QALYs. The present study is the first economic evaluation of ceftolozane/tazobactam compared to the standard of care in the treatment of cUTI. The benefits of using ceftolozane/ tazobactam as empiric therapy in this study are predominantly due to the proportion of the isolates that are susceptible to this therapy, as compared to the reference therapy. Therefore, the source and reliability of the susceptibility data are important. A strength of this study is the use of realworld surveillance data for the US from the PACTS surveillance database rather than clinical trial data. A similar approach to ours was used in the study by Sader et al. 2007 where they used the SENTRY Antimicrobial Surveillance Program, a large multinational data source on pathogen prevalence and antimicrobial susceptibility, to estimate the effectiveness of tigecycline in complicated skin and skin structure infections [33] . The findings of Sader et al. 2007 demonstrated the variation in prevalence of bacterial pathogens, highlighting the need to take into account local data on both frequency and susceptibility patterns [33] . Therefore, it is important to note that antimicrobial resistance varies by location, which could impact the cost-effectiveness of ceftolozane/tazobactam compared to piperacillin/tazobactam. For example, a recent study by Lin et al. 2015 compared the costs and effectiveness of ceftriaxone, ertapenem, and levofloxacin in treatment of community-acquired complicated urinary tract infections from a single center perspective [34] . Future studies evaluating the cost-effectiveness of ceftolozane/tazobactam applying local surveillance data are warranted.
A few limitations to the study deserve mention. Firstly, the PACTS dataset does not contain enough information to specifically target (a) cUTI patients and (b) all patients in the PACTS dataset at risk for resistant infection. Therefore, the true proportion of resistant pathogens in the target cohort and, consequently, the cost-consequence analysis of ceftolozane/tazobactam may have been underestimated. Secondly, the model does not account for further treatment changes after any initial de-escalation/escalation, with patients assumed to be fully cured or deceased at the end of hospitalization. Recurrence and/or re-admission were not incorporated in this model. Additionally, the model excludes bacterial resistance over time and costs of antibiotic preparation and administration, monitoring, and adverse events. These costs were assumed to be similar across treatments and/or minor. Similarly, dose adjustments were not considered.
The PACTS database includes monomicrobial infections; however, infections can be polymicrobial. Underlying polymicrobial susceptibility data are required to accurately model polymicrobial infections. We used the Premier database, which is a polymicrobial database, to define the distribution for our underlying pathogens. The sum of pathogens from the Premier study exceeded 100% as patients could have polymicrobial infections. As the model only considers monomicrobial infection, the Premier distributions had to be normalized to 100%.While our model is a first step in that direction and defines a way to model monomicrobial infections, more data are needed on polymicrobial infections to accurately model such infections.
The costs reported in this analysis may be overestimated since the isolates in PACTS may under- QALY Quality-adjusted life year negative bacteria, it is necessary to preserve the efficacy of existing drugs to cure common and life-threatening infections [12] . The exclusion of lifetime health care expenditures in our base case analysis approximately halved the incremental costs, resulting in a lower ICER. For our analysis, ceftolozane/tazobactam remained cost-effective; however, inclusion of lifetime healthcare expenditure may have a potential impact on comparisons which are borderline cost-effective or cost-saving.
Conclusion
Model-based analysis indicate that ceftolozane/tazobactam is cost-effective compared with piperacillin/tazobactam for the empiric treatment of cUTI in hospitalized patients.
Additional file
Additional file 1: Details regarding PACTS and Premier data. This additional file provides readers with additional details regarding the Program to Assess Ceftolozane/Tazobactam Susceptibility (PACTS) dataset which was used to provide susceptibility inputs for the model and also regarding the Premier research database which was used to help define the pathogen distribution in cUTI. 
